Abstract
the activity of other pathways. Past efforts to identify relationships between biological processes have 23 evaluated overlap in knowledge bases or evaluated changes that occur after specific treatments.
24
Individual experiments can highlight condition-specific pathway-pathway interactions; however, 
31
occurring. We performed example analyses using PathCORE for a microbial compendium for which 32 eADAGE features were already available and a TCGA dataset of 33 cancer types that we analyzed via 33 NMF. PathCORE recapitulated previously described pathway-pathway interactions and suggested 34 additional edges with biological plausibility that still remain to be explored. The software also identifies 35 genes associated with each relationship and includes a user-installable web interface where users can (1) 36 visualize the resulting network and (2) review the expression levels of associated genes in the original 37 data, which helps biologists using the PathCORE software design experiments to test the relationships 38 that were identified. 
47
The number of publicly available genome-wide datasets is growing rapidly [1] . High-throughput 48 sequencing technologies that measure gene expression quickly with high accuracy and low cost continue 49 to enable this growth [2] . Expanding public data repositories have laid the foundation for computational 50 methods that consider entire compendia of gene expression data to extract biological patterns [3] . These 51 patterns may be difficult to detect in measurements from a single experiment. Unsupervised approaches,
52
which identify important signals in the data without relying on prior knowledge, may discover new 53 expression modules [4, 5] .
55
Feature extraction methods are a class of unsupervised algorithms that can reveal unannotated 56 biological processes from genomic data [5] . Features can be constructed as representative "meta-genes": 57 each feature has a set of influential genes, and these genes suggest the biological or technical pattern 58 captured by the feature. However, these features are often designed to be independent or may be 59 considered in isolation [6, 7] . When examined in the context of knowledgebases such as the Kyoto 
60
Encyclopedia of Genes and Genomes (KEGG) [8] , most features are significantly enriched for more than 61 one pathway [5] ; it follows then that such features can be described by a set of functionally related 62 pathways. We introduce the PathCORE (pathway co-occurrence relationships) software, an approach for 63 connecting features learned from the data to known biological gene sets, e.g. pathways from KEGG 
158
The primary requirements are that features must contain the full set of genes in the compendium 159 and genes must have been assigned weights that quantify their contribution to a given feature. 
197
We also constructed NMF models for the P. aeruginosa dataset and the TCGA pan-cancer dataset. contributes its greatest predicted impact (its maximum impact) and assigns the gene only to this pathway 246 [9] . This provides a set of new pathway definitions that no longer share genes (Fig. 2c, e page containing details about the genes annotated to one or both pathways (Fig. 3a) .
274
We created a web interface for deeper examination of interactions present in the pathway co- 
302
The information specified in (2) requires an "expression score" for every sample. A sample 303 expression score is calculated using the twenty genes we selected in goal (1) 306 expression values in each of the fifteen most and least expressed samples (Fig. 3b) .
308
For each sample in an edge page, a user can examine how the expression values of the edge's 309 twenty genes in that sample compare to those recorded for all other samples in the dataset that are from 310 the same experiment (Fig. 3c) . Genes that display distinct expression patterns under a specific setting 311 may be good candidates for follow-up studies. 
333

Results
334
Interpreting features extracted by unsupervised clustering algorithms with PathCORE. 
357
The methods we implement in PathCORE can be used independently of each other (Fig. 4) .
358
Here, we present analyses that can be produced by applying the full PathCORE pipeline to models 
366
PathCORE also offers support for users interested in experimentally verifying a pathway-pathway 367 relationship (Fig. 3) . We provide the code for setting up a web application where the network can be 368 visualized and its edges analyzed using the original input information. A pathway-pathway edge page 369 contains 2 heatmaps that display the samples in the compendium where the underlying genes are most 370 and least expressed. When available, information about each sample can be included on the page so that 371 users can refer to the conditions in which the expression patterns occurred (Fig. 3c) . 
404
The PathCORE analysis of a 300 feature NMF decomposition of the P. aeruginosa compendium 405 produced a KEGG network that is similar in size to the PID network (Fig. 6, S2 ).
407
The eADAGE co-occurrence network identifies a number of pathway-pathway interactions that 408 have been previously characterized (Fig. 5) . This suggests that PathCORE can capture functional links 409 between biological pathways. Three glucose catabolism processes co-occur in the network: glycolysis, 410 pentose phosphate, and the Entner-Doudoroff pathway (Fig. 5a) . We also found a cluster relating 411 organophosphate and inorganic phosphate transport-and metabolism-related processes (Fig. 5b) .
412
Notably, phosphate uptake and acquisition genes are directly connected to the hxc genes that encode a 413 type II secretion system. This Hxc secretion system is responsible for the secretion of alkaline 
425
We used the PathCORE web application for the eADAGE KEGG P. aeruginosa network
426
(pathcore-demo.herokuapp.com/PAO1) to analyze the connection between the phosphate transport 427 system and a type II general secretion system pathway ( Fig. 3a, b ; edge page at goo.gl/Hs5A3e). The 428 sixteen genes reported on the edge page all have odds ratios above 34; these genes are at least 34 429 times more likely to appear in the gene signatures in which both of these pathways are overrepresented. 
484
We found that PathCORE detects modules of co-occurring pathways consistent with our current 485 understanding of cancer-related interactions (Fig. 6) 
547
Though the algorithm had been described, no publicly available implementation existed. 
591
Source code (all links are from https://github.com/)
